Creatine has no metabolic role other than the reversible conversion to phosphocreatine (PCr) under the influence of the creatine kinase (CK) enzyme 2 : Cr + ATP ↔ PCr +ADP + H + .
Integrative Physiology
C reatine is ubiquitous among vertebrates, where it is commonly considered essential for maximal performance in cells with dynamic energy demands, such as neurons and all types of muscle cell. In omnivores, 50% of the daily creatine requirement is met from dietary sources, but the remainder (≈1 g in humans) has to be synthesized, 1 representing a significant metabolic investment. role linking ATP-producing mitochondria to sites of ATP use; and (3) as an energy buffer, with PCr present in relatively high concentrations and available for rapid regeneration of ATP when energy demand outstrips supply. [3] [4] [5] [6] Interest in the role of creatine in the heart is driven by the consistent observation that both total creatine and CK activity are downregulated in heart failure regardless of cause, 3, 7, 8 and that the ratio of PCr/ATP represents an excellent prognostic marker in dilated cardiomyopathy. 9 The widely held view is that creatine is only of marginal importance for normal baseline cardiac function but is essential for attaining very high workloads and becomes critical under conditions of pathological stress. 3, 6 For example, chronic treatment of rats with β-guanidinopropionic acid (β-GPA) reduces total creatine by 50% to 70% but has minimal effect on resting cardiac function in vivo. 10, 11 However, maximal stimulated responses are blunted and the severe stress of an experimental myocardial infarction causes death in 93% to 100% of treated rats within 24 hours. 11, 12 However, β-GPA has many limitations, such as potential off-target effects, slow and incomplete creatine depletion, and the ability to partially compete in the creatine kinase reaction. 13 Genetically manipulated mouse models circumvent these limitations and provide a new approach to assess the functional significance of the PCr/CK system. Guanidinoacetate methyl transferase (GAMT) is the second of 2 essential enzymes in the biosynthesis of creatine. Therefore, GAMT knockout mice fed a creatine-free diet have a chronic, and absolute, deficiency of creatine and PCr in all organs. 14 We have previously shown that GAMT −/− mice have normal LV ejection fraction up to 1 year of age 15 and mildly reduced systolic pressure development. 16 Furthermore, contractile reserve is impaired, as is recovery from acute myocardial ischemia, in line with the PCr/CK system being particularly important under conditions of acute stress. 17, 18 However, the chronic functional significance of these defects (measured acutely under general anesthesia or in isolated hearts) has not been tested in intact conscious mice where workload is higher. We therefore hypothesized that creatinedeficient GAMT −/− mice would have reduced exercise capacity and develop more severe heart failure post-myocardial infarction. To our surprise, this was not the case, and we therefore looked for major compensatory adaptations. However, comparison of GAMT −/− and WT proteomes, mitochondrial function, and auxillary phosphotransfer pathways all failed to identify adaptations that could explain these results, questioning the importance of creatine for physiological and pathological stress responses in the intact laboratory mouse.
Methods
Full details of all methods are included in the online-only Data Supplement.
Animal Husbandry
GAMT knockout mice on a pure C57BL/6J genetic background (backcrossed for >10 generations) were genotyped by PCR as previously described. 14 Breeding was by heterozygous mating to provide littermates as wild-type controls (WT). Post-weaning, GAMT −/− and WT mice were housed separately to prevent creatine absorption via coprophagia. Mice were fed standard chow (which is naturally creatine-free), water ad libitum, and kept in specific pathogen-free conditions, with 12-h light-dark cycle at 20°C to 22°C. This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Voluntary Wheel Running
Individually caged female mice were provided with a running wheel in the home cage and exercise parameters continuously data-logged over a 3-week period as previously described. 19 Maximum running speed and distance were compared between n=8 WT, n=6 GAMT −/− mice, and n=6 creatine-supplemented GAMT −/− mice (0.75% creatine mixed with standard chow started 7 days before the running protocol). At the end of the protocol, mice were killed by cervical dislocation with LV and hind-limb skeletal muscle snap frozen in liquid nitrogen for determination of creatine content by high-performance liquid chromatography as described previously. 20
Forced Treadmill Running
Running capacity was tested in WT and creatine-free GAMT −/− mice (n=8 per group, with 4 males and 4 females of each) using an Exer-6 M treadmill with Simplex II control unit and Shock detection unit (Columbus Instruments, Columbus, OH). Mice were familiarized to the apparatus on 2 consecutive days for 10 minutes at 8.5 m/min and 5° incline. All mice learned to run on the treadmill to avoid electric shocks from the grid (1.4 mA; 200 ms duration). Mice were then tested to exhaustion, defined as the point when mice would no longer run for more than 2 s at a time, preferring to sit on the shock grid even when touched by a gloved hand. Mice were started running at 8.5 m/min for the first 9 minutes, which increased to 10 m/min for 3 minutes, then increased by 2.5-m/min increments every 3 minutes thereafter (5° incline throughout). GAMT −/− mice were changed to creatine-supplemented chow (as above) and all mice retested 7 days later. Vertical work was calculated as described by Massett and Berk. 21 
Chronic Infarct Study
Surgery to induce permanent myocardial infarction (MI) was performed as previously described. 22 A total of 104 mice underwent surgery: WT n=41 (25M/16F) and GAMT −/− n=38 (18M/20F) to induce MI; WT n=13 (5M/8F) and GAMT −/− n=12 (5M/7F) sham-operated. Mice were aged 21 to 45 weeks, with average age comparable between all groups. 3D-echocardiography was performed at 1 and 6 weeks postsurgery under 1.5% isoflurane anesthesia as previously described. 23 Hemodynamic measurements were obtained at 6 weeks as previously described, 16 with contractile reserve tested by dobutamine infusion via the jugular vein. Isoflurane anesthesia was used for all protocols at 1% to 2% in medical oxygen, with adequate depth of anesthesia assessed by lack of pedal reflex. Buprenorphine 1 mg/kg subcutaneous injection was given for postsurgical analgesia. 
β-GPA Treatment and Acute MI Survival

P-NMR Magnetization Transfer
Flux through the CK reaction was measured in ex vivo perfused hearts from male GAMT −/− and WT mice (n=4/group) using a 31 P-NMR magnetization (saturation) transfer protocol 24 on a Bruker Avance 500 spectrometer equipped with a 11.7 T magnet and a 20 mm 1 H-/ 31 Pcrosscage resonator.
Proteomics
Powdered LV tissue from WT and age-matched male 16-week-old GAMT −/− siblings was used. Two-dimensional difference in-gel electrophoresis (DIGE) was performed on 4 paired samples, as previously described. 25 Non-Label Quantitative Mass Spectroscopy was performed on LV proteins from 3 GAMT −/− and 3 WT male mice as previously described. 26
Enzyme Activities and Immunoblots
LV homogenates from GAMT −/− and WT hearts were used to determine adenylate kinase (AK), glycolytic enzymes, and pyruvate dehydrogenase activities spectrophotometrically as described in the Online Supplement. The relative abundance of respiratory chain enzymes in LV homogenates was determined using the MitoProfile Rodent Total OXPHOS Complexes Detection Kit (Cambridge BioScience, UK). Antibodies were detected with the ECL Advance chemiluminescence kit (GE Health Care, UK) and a FluorChem 8800 imager.
Mitochondrial Function Experiments
Saponin-permeabilized cardiac fibers isolated from the left ventricular endocardium were used to measure respiration of the total mitochondrial population in situ using a Clark-type oxygen electrode (Strathkelvin Instruments, UK). Superoxide production was measured by incubation of LV homogenates with dihydroethidium (DHE) and subsequent fluorescent detection of 2-hydroxyethidium (2-OHE) by high-performance liquid chromatography.
Data Analysis
All measurements were performed independently and analysed blind. Data are expressed as mean±SEM. Statistical analysis for the infarct study was by 1-way ANOVA with Bonferroni correction for multiple comparisons. Kaplan-Meier survival curves were compared by log-rank test. Data comparing 2 groups were performed by unpaired Student's t test. Differences were considered significant when P<0.05. Statistical analysis of proteomics data are detailed in the Online Supplement.
Results
Voluntary Exercise Capacity
Voluntary exercise capacity in GAMT −/− and WT mice was tested by providing running wheels in the home cage. There was no difference in maximum speed ( Figure 1A ), or in cruising speed and average speed (data not shown). There was a nonsignificant trend for GAMT −/− to run less distance per night, however this difference remained even in GAMT −/− with creatine supplementation ( Figure 1B ), suggesting it is unrelated to creatine deficiency. The absence of creatine in GAMT −/− LV and skeletal muscle was confirmed by high-performance liquid chromatography, and creatine supplementation was shown to be effective at increasing tissue creatine levels to normal WT values ( Figure 1C ). Therefore, creatine deficiency did not limit the ability of GAMT −/− mice to run as fast and as far as controls, with mice actively choosing to run >10 km per night.
Forced Exercise Capacity
To corroborate these findings, mice were tested to exhaustion on a treadmill by using forced continuous running with an escalating velocity protocol. Creatine-free GAMT −/− mice ran further than WT controls, gaining more vertical distance ( Figure 2A ) and attaining maximum speeds of 22.5 m/min on a 5° incline. Vertical work was calculated to account for the reduced body weight in GAMT −/− mice, showing that both WT and creatine-free mice performed the same amount of work.
The treadmill test was repeated after 7 days of creatine supplementation in the GAMT −/− mice and similar results were obtained ( Figure 2B ). Both groups improved running capacity, suggesting a learning/training effect, however there was no additional benefit from replenishing tissue creatine levels in GAMT −/− mice. This indicates that creatine deficiency did not impair the ability of GAMT −/− mice to run.
Chronic Heart Failure Secondary to Myocardial Infarction
Six weeks after permanent MI, survival was not different between genotypes (54% WT versus 57% knockout [KO]; Figure  3A ). For subsequent analysis, infarct size was retrospectively matched between groups, an important requirement to observe the effect on chronic heart failure (CHF) independent of any effect on ischemic damage. Mean infarct size was 40% of LV circumference in both groups (WT range 26%-57%; KO range 26%-55%). 3-D echocardiography revealed significant LV dilatation and impaired ejection fraction compared with sham (P<0.0001 for both), but with no effect of genotype ( Figure 3B and 3C). LV hypertrophic response measured at postmortem was also indistinguishable ( Figure 3D ). Likewise, LV hemodynamics showed post-MI changes commensurate with development of CHF, but to an equal extent in WT and GAMT −/− mice ( Figure 3E-3H ). This was despite impaired baseline function in KO sham mice, with significantly lower LV systolic pressure (P<0.0001) and impaired contractile reserve compared with WT sham ( Figure 3G ; P<0.0001). That creatine-free mice survive MI at all is a highly surprising result because rats fed β-GPA to deplete creatine stores have 93% to 100% mortality within 24 hours. 11, 12 To investigate the reason for this discrepancy, WT and KO mice were administered with β-GPA 24 hours before infarct, repeated daily until 2 days postinfarct. Mean plasma β-GPA was 1.3±0.1 mmol/L and myocardial tissue levels 195±43 nmol/mg protein (n=3). For comparison, normal myocardial creatine levels are ≈70 nmol/mg protein. All 6 WT and 5/6 KO mice survived this protocol (infarct size 39±3% and 36±3%, respectively), suggesting there are species differences in response to depleted creatine or β-GPA rather than off-target effects.
Search for Compensatory Mechanisms in GAMT −/− Mice
We looked for adaptive or compensatory mechanisms that might mitigate the negative effects of chronic creatinedeficiency.
Wall Stress
One explanation could be differences in LV wall stress, which is an important driving force for myocardial remodelling.
GAMT −/− mice have slightly smaller hearts compared with littermate controls, and lower LV systolic pressure, however, end-systolic meridional wall stress was not significantly lower in GAMT −/− mice (45±15 g/cm 2 ) compared with WT (51±11 g/cm 2 ; P=0.34; n=10).
Role for Alternative Phosphagens?
Characteristic of chronic heart failure, LV total creatine levels were 14% lower in infarcted versus sham WT mice ( Figure 4A ). GAMT −/− mice were creatine-free, but accumulated the creatine precursor guanidinoacetate, which was similarly reduced post-MI (23% lower than Sham; Figure  4B ). Creatine kinase activity was 26% lower in sham-operated KO versus sham WT hearts. After myocardial infarction, mito-and MM-isoenzyme activities were lower in WT but did not fall further in KO hearts, whereas activity of MB-isoenzyme was higher in WT and BB-isoenzyme higher in both groups ( Figure 4C ). To determine to what extent guanidinoacetate can act as an alternative phosphagen by participating in the creatine kinase reaction, we measured CK flux in perfused hearts by 31 P-MRS magnetization transfer. An example spectrum from WT heart shows a large PCr peak and 3 phosphoryl groups from ATP ( Figure  4D ). Selective saturation at the frequency of the [γ-P]ATP peak results in reduced amplitude of the PCr peak, indicating significant phosphoryl transfer between ATP and PCr in WT hearts ( Figure 4E ). In GAMT −/− mice, there is a large phospho-guanidinoacetate peak ( Figure 4F ), but equivalent flux of [γ-P] between ATP and guanidinoacetate was not detectable ( Figure 4G ). Figure 4H shows averaged data (n=4/ group) as a function of saturation pulse duration (effect of genotype P<0.0001).
Comparison of LV Proteomes
2-D difference in-gel electrophoresis (DIGE) was used as a hypothesis-free approach to identify compensatory mechanisms. However, the image shown in Figure 5A illustrates that there was very little variation in the proteomes of 16-week-old WT and GAMT −/− hearts. This was confirmed by quantitative mass spectrometry using iTRAQ protein labeling, which revealed no statistically significant differences in protein expression for the 546 proteins identified (see Online Table II ). Particular attention was paid to respiratory chain enzymes ( Figure 5B -F), but Western blotting confirmed no significant differences in protein expression of complex I, complex II/III, cytochrome-c oxidase, or ATP synthase ( Figure 5G-5H ).
Alternative Phosphotransfer and Other Metabolic Pathways
Adenylate kinase (AK) can function as an auxillary high-energy phosphotransfer system, but activity was not significantly different between WT and GAMT −/− hearts ( Figure  6A ). Activity of key glycolytic enzymes were measured because glycolysis could compensate by localizing to ATPases or performing auxillary phosphotransfer. 3-phosphoglycerate kinase was not altered, whereas activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was elevated by 12% (P=0.03) and pyruvate kinase activity by 36% (P=0.001) compared with WT ( Figure 6A ). Activity of pyruvate dehydrogenase (PDH) was unchanged, suggesting that glycolytic contribution to the Krebs cycle was unaltered. Because the CK system helps to maintain normal ratios of adenosine nucleotides, we also ruled out changes in AMP-activated protein kinase activation ( Figure 6C ).
Mitochondrial Function
Oxygen consumption was measured in permeabilized cardiac fibres as a measure of mitochondrial respiration and therefore ATP production. The response to pyruvate + malate and palmitoyl carnitine + malate as substrates was typical ( Figure 6F and 6G ; results for other substrates are shown in Online Table I) , with a trend for increased baseline respiration (state 2) that could be accounted for by increased proton leak (oligo), and no change in maximal stimulated respiration (state 3). Because the difference between oligo and state 3 represents coupled oxygen consumption, this suggests that mitochondrial ATP production is, if anything, impaired and certainly not a compensatory mechanism for the loss of creatine. Despite increased proton leak, we observed no differences in protein expression of uncoupling protein 3 in LV homogenates ( Figure 6D ) or in superoxide production ( Figure 6E ).
Discussion
Here we show that, contrary to expectations, creatine is not essential for maximal exercise capacity, or for acute survival from myocardial infarction, nor in the setting of chronic heart failure. Previous findings have indicated impaired cardiac contractile reserve (confirmed in this study) and skeletal muscle force generation in response to maximal stimulation in anesthetized mice, 11, 16, 27 but this is apparently nonlimiting when the long-term consequences are tested in conscious animals or in the chronic setting.
A key question is whether the running regimes truly achieved maximal exercise capacity. It has previously been shown that C57BL/6 mice perform best on voluntary wheel running, with higher maximal speed and exercise intensity compared with treadmill, 28 and this is exactly the pattern we observed. Furthermore, the maximum speed attained during voluntary exercise in our study was 3.5 km/h (= 58 m/min), which is in good agreement with the reported functional maximum for mice of ≈50 m/min. 29 These findings were confirmed in a forced exercise protocol where mice were tested to exhaustion and where it was possible to correct for differences in body weight by calculating vertical work. In both exercise regimes, creatine-free mice performed just as Figure 2 . Assessment of maximal exercise capacity by forced treadmill running. Eight wild-type (WT) and guanidinoacetate N-methyltransferase-deficient (GAMT −/− ) mice were forced to run to exhaustion using a standardized protocol of escalating speeds and 5° incline. Creatine-free GAMT −/− mice ran further than control mice, covering more vertical distance (A). However, there was no difference between genotypes when vertical work was calculated, which takes into account the lower body weight of GAMT −/− mice. GAMT −/− mice were then changed to chow containing 0.75% creatine (GAMT −/− + Cr) and the running test repeated after 7 days (B). Both groups improved running capacity, suggesting a learning/training effect, however there was no additional benefit from replenishing tissue creatine levels in GAMT −/− mice.
well as wild-type, and this was not altered by creatine feeding. However, we cannot rule out that higher exercise capacities might be possible under nonlaboratory conditions in the wild.
Several studies have previously used the creatine analogue β-GPA to deplete creatine levels in rodents. β-GPA competes with creatine for cellular uptake but is a poor substrate for CK. Chronic β-GPA feeding results in creatine depletion of between 40% to 87%, depending on dose and length of treatment, 11, 12, 30, 31 and results in exceptionally high mortality after MI (eg, 93% 11 to 100% 12 mortality within 24 hours). Because the GAMT −/− mouse model represents 100% creatine depletion, it is therefore highly surprising that mortality was not increased. To provide further insight we injected mice with β-GPA immediately before and after myocardial infarction. This resulted in high levels of myocardial β-GPA but did not adversely affect 48 hour survival, indicating that the discrepancy in mortality is not attributable to off-target effects of β-GPA, but rather species differences between mice and rats. Because β-GPA treatment in rats increased the incidence of post-MI ventricular arrhythmia, 11 our findings may simply reflect that mice are much more resistant to this type of arrhythmia, 22 in part because of the small myocardial surface area that is less able to sustain re-entry events. 32 We observed an increase in state 4 respiration in GAMT −/− mice, suggesting proton leak and mitochondrial uncoupling, that may be a direct effect of creatine depletion. 33 It has previously been demonstrated that mild mitochondrial uncoupling protects against ischemic injury, 34 so could this compensate for creatine-loss in the MI model? This is unlikely because protection was dependent on increased production of reactive oxygen species, whereas we observed no difference in superoxide generation between WT and KO hearts. In addition, our infarct model uses permanent coronary artery ligation, which means there is very little potential for rescuing ischemic tissue, and we retrospectively match experimental groups for infarct size to control for potential differences in ischemic injury.
A key question is to what extent the creatine precursor guanidinoacetate can compensate by acting as a phosphagen. GAMT −/− mice accumulate guanidinoacetate (GA), 14 forming phosphorylated (P-)GA by interaction with cytosolic CK, 13 and this can then act as an energy reservoir during acute ischemia. 16 We therefore tested CK reaction velocity in isolated perfused hearts using 31 P-NMR saturation transfer but were unable to detect ATP synthesis from phospho-guanidinoacetate. This suggests that use of phospho-guanidinoacetate is neither rapid nor efficient in the intact heart, consistent with in vitro studies where flux through the CK reaction was 100× lower compared with creatine. 13 Although it is not possible to completely rule out a small compensatory effect of phospho-guanidinoacetate, it is highly unlikely to explain the discrepancy in mortality with the β-GPA model, because β-GPA can also be phosphorylated by CK with similarly slow reaction kinetics. 13 We did not detect any significant differences in protein expression between GAMT −/− and WT hearts, strongly arguing against the existence of major compensatory mechanisms. Furthermore, we ruled out changes in activity of key metabolic proteins, such as adenylate kinase and pyruvate dehydrogenase, and in AMP-activated protein kinase activation. One minor change that could be interpreted as compensatory was an increased activity for the glycolytic enzymes GAPDH and pyruvate kinase in GAMT −/− hearts. However, the functional significance of these small changes in some, but not all, glycolytic enzymes is questionable. This could be related to stimulation of glycolysis by elevated inorganic phosphate, 35 but 3-phosphoglycerate kinase activity remained unchanged. A more likely explanation is the absence of PCr, which would usually exert direct inhibitory effects, specifically on these 2 enzymes. 36 Another approach in evaluating the role of creatine is to knockout the isoforms of creatine kinase (ie, normal total creatine levels but nonfunctioning CK system). These mice have impaired exercise capacity in voluntary running experiments 37, 38 and eventually develop baseline dysfunction and cardiac hypertrophy 39 in some but not all studies, 38 dependent on genetic background. 40 This represents a more severe phenotype than creatine-deficiency models, which suggests that loss of substrate and loss of enzyme are not biochemically equivalent. It seems likely that some of the effects of removing creatine kinase may be related to the properties of the protein and unrelated to the CK reaction. Creatine kinase represents a significant fraction of the total muscle protein and may be involved in multi-protein complexes 41 ; furthermore, mitochondrial-CK may have a structural role within the mitochondrial intermembrane space. 4 In contrast, GAMT is not expressed in muscle cells because creatine biosynthesis occurs in kidney and liver, 6 therefore there is no associated loss of protein.
Impaired inotropic reserve is one of the few differences we observed between WT and GAMT −/− mice and recapitulates our previous findings. 16 There are multiple potential underlying mechanisms, such as changes in calcium handling, calcium-sensitivity of contractile proteins, or in β-adrenergic signaling. Energetic reserve is another important determinant of inotropic reserve, 18 suggesting that energy substrate metabolism and the free energy available from ATP hydrolysis (∆G ATP ) may also be of interest for further study.
There are some limitations to our study. GAMT −/− mice are lighter than WT, with changes in body composition and long bone length 14 which may alter biomechanical properties and therefore running capacity. We attempted to control for this by including a group of creatine-supplemented GAMT −/− mice. It seems likely that the nonsignificant trend for distance run observed between these mice and WT is accounted for by differences in body size and biomechanics. Nor can we rule out that creatine confers a survival benefit under maximum stress conditions in the wild, which laboratory stress-tests fail to emulate. However, when considering the heart alone, it is difficult to inflict greater stress than myocardial infarction affecting 40% of the ventricle. Nor can we rule out all possible adaptive changes that might compensate in GAMT −/− mice, although we have tried hard to achieve this in a nonbiased way using proteomics. Our search for adaptations used noninfarcted mice, and it remains a possibility that we missed adaptations that are relevant only to the postinfarct setting. Specifically, our findings should not be extrapolated to the brain, where neurological defects are consistently observed in patients with in-born errors of creatine biosynthesis. 42 Similarly, our results do not mean that augmenting the creatine/CK system could not still be beneficial. Ischemia/reperfusion injury is a clinically relevant scenario where creatine deficiency does apparently matter. Reperfused hearts from both GAMT −/− and CK −/− mice exhibit impaired functional recovery, 16, 17 and increasing PCr has recently been shown to protect against ischemia/reperfusion injury. 43 It is also notable that overexpression of M-CK was protective in a murine model of heart failure as a result of pressure-overload. 44 However, our data do suggest that loss of total creatine during chronic heart failure does not directly contribute to disease progression.
Furthermore, it questions the central tenant that creatine is essential for high workload and stress responses in heart and skeletal muscle, which prompts the question of why, in an evolutionary sense, it is there at all. It seems likely that close control of ATP/ADP ratios and the buffering of inorganic phosphate confer a certain level of metabolic fine tuning, however this is clearly not essential. One argument, supported by our data, is that the creatine/CK system originally evolved in cells with a large diffusion distance between mitochondria and sites of energy use. 2, 45 As an energy-intensive organ, the heart has inherited this system by default, but with mitochondrial cell density higher than in any other cell type, it has apparently become physiologically redundant. The role of creatine and the CK reaction may be associated with levels of workload not attainable in laboratory studies, or may play hitherto unidentified long-term roles in energetic cells, which presumably makes the metabolic cost of creatine biosynthesis worthwhile.
Conclusions
Contrary to expectations, we have shown that creatine is not essential to obtain maximum exercise capacity when tested in conscious animals over a prolonged period. Furthermore, we have demonstrated for the first time that chronic creatine deficiency is compatible with survival post-MI, and need not be detrimental to development of chronic heart failure, suggesting that reduced total creatine levels in the failing heart are not pathophysiological. The lack of an obvious adaptive response supports the conclusion that creatine is not, after all, essential to support energy demand under laboratory exercise and pathophysiological stress in heart or skeletal muscle. Figure 6 . Cardiac energetic profile in LV homogenates from 6-month-old wild-type (WT) and guanidinoacetate N-methyltransferase (GAMT) knockout (KO) mice. A, Enzyme activities for total adenylate kinase (AK) and the major glycolytic enzymes: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 3-phosphoglycerate kinase (PGK), and pyruvate kinase (PK). B, Activity of total and active fractions of pyruvate dehydrogenase (PDHt and PDHa, respectively). C, Phosphorylated fraction of AMP-activated protein kinase (AMPK) protein. D, Protein expression of uncoupling protein-3 (UCP3) and superoxide production (E) are not significantly different. F and G, Oxygen consumption from permealized LV fibers reflecting mitochondrial respiration in response to different substrates. State 2 is basal unstimulated respiration, state 3 is maximal ADP-stimulated respiration, Oligo is uncoupled respiration (state 4o) in presence of oligomycin to inhibit ATP synthase. RCR is the respiratory control ratio (ie, state 3/4). All data are mean±SEM, sample numbers in parenthesis. *P<0.05, **P<0.01 for WT vs KO.
What Is Known?
• Creatine plays a key role in buffering chemical energy (ATP) in organs with high energy demands, such as heart and skeletal muscle. • Partially depleting creatine in rodents using nonfunctional analogs blunts force generation in response to maximal stimulation and results in excessive early mortality after myocardial infarction. • Reduced levels of myocardial creatine are characteristic of the failing heart.
What New Information Does This Article Contribute?
• Mice with total whole-body creatine deficiency attributable to knockout of an essential biosynthetic enzyme (guanidinoacetate N-methyltransferase [GAMT]) are capable of running just as far and as fast as control mice. • Complete creatine deficiency did not affect survival after myocardial infarction and subsequent development of chronic heart failure was not exacerbated. • These findings suggest that creatine is not essential for high workload and stress responses in muscle cells when tested in conscious, intact, laboratory animals.
This study was designed to extend observations, obtained from experiments using partial creatine depletion in anesthetized animals, into conscious creatine-free mice where maximal obtainable workload is highest. Contrary to expectations, creatine-deficient GAMT knockout mice exhibited normal exercise capacity and maximal running velocity in both voluntary and forced running protocols. We demonstrate that chronic creatine deficiency is compatible with survival after myocardial infarction, and need not be detrimental to development of chronic heart failure, suggesting that reduced total creatine levels in the failing heart may have little pathophysiological impact. A total absence of creatine was not associated with any significant proteomic change in enzymes associated with energy conversion and contraction, while mitochondria retained near normal function. The lack of an adaptive response supports the conclusion that creatine may not be essential to support energy demand under laboratory exercise and pathophysiological stress in heart or skeletal muscle.
Novelty and Significance
